We determined the complete nucleotide sequence of bovine parvovirus (BPV), an autonomous parvovirus. The sequence is 5,491 nucleotides long. The terminal regions contain nonidentical imperfect palindromic sequences of 150 and 121 nucleotides. In the plus strand, there are three large open reading frames (left ORF, mid ORF, and right ORF) with coding capacities of 729, 255, and 685 amino acids, respectively. As with all parvoviruses studied to date, the left ORF of BPV codes for the nonstructural protein NS-1 and the right ORF codes for the major parts of the three capsid proteins. The mid ORF probably encodes the major part of the nonstructural protein NP-1. There are promoterlike sequences at map units 4. 5, 12.8, and 38.7 and polyadenylation signals at map units 61.6, 64.6, and 98.5. BPV has little DNA homology with the defective parvovirus AAV, with the human autonomous parvovirus B19, or with the other autonomous parvoviruses sequenced (canine parvovirus, feline panleukopenia virus, H-1, and minute virus of mice). Even though the overall DNA homology of BPV with other parvoviruses is low, several small regions of high homology are observed when the amino acid sequences encoded by the left and right ORFs are compared. From these comparisons, it can be shown that the evolutionary relationship among the parvoviruses is B19AAVBPVMVM. The highly conserved amino acid sequences observed among all parvoviruses may be useful in the identification and detection of parvoviruses and in the design of a general parvovirus vaccine.
The mammalian parvoviruses are divided into two genera on the basis of the requirement for a helper virus for productive infection. The defective parvovirus, adenoassociated virus (AAV), requires coinfection with adenovirus or herpesvirus. The autonomous parvoviruses, which include bovine parvovirus (BPV), canine parvovirus (CPV), feline panleukopenia virus (FPV), H-1, Kilham rat virus (KRV), LuIII, and minute virus of mice (MVM), do not require a helper virus for infection (51) .
Parvoviruses are DNA viruses with a linear single-stranded genome of ca. 5,000 nucleotides (nt). The complete nt sequences of AAV2 (serotype 2 of AAV) (50) , MVMp (prototype of MVM) (4), MVMi (immunosuppressive variant of MVM) (3, 45) , H-1 (43) , and the partial nt sequences of CPV2 (type 2 of CPV) (42) and FPV (15) have been determined. Also, transcription has been studied in detail for AAV2, H-1, and MVMp (16) . From these studies, several common features of the parvovirus genomes are apparent. (i) There are two large open reading frames (ORFs) within the plus strand (the strand with the same polarity as the mRNAs). (ii) The mRNAs from both ORFs are polyadenylated and 3' coterminated at about map unit (m.u.) 95. (iii) The left ORF encodes one or more noncapsid proteins which are necessary for viral DNA replication (17, 23, 43, 52) . (iv) The right ORF encodes the major capsid proteins of the virus as a nested set (4, 26, 43) .
BPV is an autonomous parvovirus. Four virus-specific proteins have been reported: three capsid proteins (VP1, VP2, and VP3) of Mr 80,000, 72,000 and 62,000 and one noncapsid protein (NP-1; Mr 28,000) (30, 32) . However, BPV
shows very little homology with other autonomous parvoviruses (FPV, H-1, KRV, LuII, and MVM) either by heteroduplex mapping or by immunological cross-reactivity fected cells were frozen, thawed, and centrifuged at 15,000 x g for 15 min. The supernatant fraction was then centrifuged at 25,000 rpm in a Beckman SW27 rotor for 3.5 h at 4°C to pellet the virus. The pellet was resuspended in 50 mM Tris hydrochloride, pH 8.0, and loaded on a CsCl step gradient (CsCl [2 ml at 40%, 4 ml at 35%, and 2 ml at 30%] overlaid with 1 M sucrose in the same buffer), and the gradient was centrifuged at 34,000 rpm for 18 h at 15°C in a Beckman SW41 rotor. Virus particles at a density of 1.39 to 1.41 g/cm3 (full particles) were visualized by light scattering, collected, and dialyzed against 50 mM Tris hydrochloride, pH 8.0. Viral DNA was isolated by proteinase K digestion (100 ,ug/ml, 55°C, 8 to 12 h) and phenol-chloroform extraction and ethanol precipitated. Since BPV encapsidates ca. 10% plus strands in bovine fetal lung cells (6) and the plus and minus strands readily form hybrids under the isolation conditions, the DNA thus prepared contained ca. 20% double-stranded DNA and ca. 80% single-stranded DNA of the minus polarity. Single-stranded DNA was separated from doublestranded DNA by centrifugation in an SW27.1 rotor (25,000 rpm, 15°C for 14 h) on a high-salt sucrose gradient (5 to 20% sucrose in 1 M NaCl, 10 mM Tris hydrochloride, pH 8.0, 1 mM EDTA, and 0.15% Sarkosyl). Gradient fractions were analyzed by electrophoresis on 1.0% agarose gels, and fractions containing single-stranded DNA and doublestranded DNA of monomer length were pooled separately.
The minus single-stranded DNA was replicated in vitro to double-stranded form by E. coli DNA polymerase I (Klenow fragment) as described previously (14) , by using the 3' palindrome of virion DNA as a self-primer. This is referred to as the in vitro replicative form (RF), and it was the source for cloning and sequencing of the DNA from the m.u. 5 to 100 region.
In vivo RF DNA which contains monomer RF with both fully extended and joined termini, as well as dimeric RF (2) , was obtained from BPV-infected cells by the method of Hirt (24) . This is referred to as the in vivo RF, and it was the source of DNA for cloning of the m.u. 0 to 18 region.
Cloning of BPV DNA. EcoRI fragment A (m.u. 18 to 92) and PstI fragment A (m.u. 5 to 76) were obtained from in vitro RF and first cloned into pAT153. EcoRI fragment B (m.u. 0 to 18, from in vivo RF) and EcoRI fragment C (m.u. 92 to 100, from in vitro RF) were cloned into pUC8 after the attachment of Sall linkers to the ends. Sall linkers were chosen because there is no Sall site within the BPV genome. The cloned fragments were then subcloned into M13mpl8 and M13mpl9 vectors for sequencing (55) . S1 nuclease-resistant fragments of single-stranded virion DNA were cloned into SmaI-digested M13mpl8 vectors to permit direct sequencing of the terminal duplex regions in the virion DNA.
All recombinant pUC plasmids and M13 phages were propagated in E. coli JM107, whereas pAT153 recombinant plasmids were propagated in E. coli HB101. Transformation was performed as described by Hanahan (21) .
Sequencing of BPV DNA. The chain termination method of Sanger et al. (46) was the primary method used for sequencing. A 15-mer universal primer was used for most runs. Several synthetic oligonucleotides were used to sequence overlapping clones and to obtain extended sequence data from larger fragments. Buffer gradient gels and [a-35S]dATP were used according to the method of Biggin et al. (12) .
The 5' end (m.u. 100) region was also sequenced by the method of Maxam 
RESULTS
In this paper, the convention of Armentrout et al. (1) is used: the 3' terminus of the minus-strand DNA is referred to as the 3' end or the map origin, and the map is drawn with the 3' end at the left. Additionally, the term virion DNA will be used to refer to the minus strand, since the method of purification yielded minus-strand DNA from total virion DNA.
Sequence determination. We determined the complete nt sequence of BPV to be 5,491 bases long. The sequencing strategy used is shown in Fig. 1 . As described in Materials and Methods, the internal fragments of BPV (i.e., PstI fragment A, m.u. 5 to 18; EcoRI fragment A, m.u. 18 to 92) were cloned from in vitro RF into pAT153. The 5' end (EcoRI fragment C, m.u. 92 to 100) was also cloned from in vitro RF, whereas the 3' end (EcoRI fragment B, m.u. 0 to 18) was cloned from in vivo RF into pUC8 after the addition of Sall linkers. Each was then subcloned into M13mpl8 and M13mpl9 vectors for shotgun sequencing. However, the 5' end clones were found to have deletions in the terminal sequences nt 5484 to 5491 were deleted). To obtain sequence data for the extreme ends, we took advantage of the fact that the terminal sequences of the single-stranded virion DNA form hairpin loop structures and that the stems of the hairpins are resistant to S1 nuclease digestion (11, 22) . Cloning and sequencing of the S1-resistant fragments of single-stranded virion DNA gave the sequences at nt 11 to 44, 5371 to 5422, and 5440 to 5491. The latter two sequences correspond to the stems of the 5' terminal hairpins (see Fig.  3B ). The reason that the first 10 bases (nt 1 to 10) were not found in the S1-resistant fractions as would be expected (see Fig. 3A ) is probably due to the high A-T content and hence low melting temperature (Tm) in this region.
The complete sequence of the genome is given in Fig. 2 . The sequence shown is that for the plus strand, which has the same polarity as BPV mRNAs. DNA sequence was obtained from both strands and across all restriction sites.
The 5' end sequence was also confirmed by the Maxam and Gilbert method (34) . The sequence data agree with the published restriction map of BPV (14) .
Terminal structures. The terminal hairpin structures of BPV virion DNA (minus strand) are shown in Fig. 3 . In agreement with other autonomous parvoviruses (H-1, MVMp, MVMi) (3, 22, 45) (16) for the presence of the above three components (9) . All the known promoters of AAV2, MVMp, and H-1 satisfy these criteria ( and H-1, there are two coded capsid proteins VP1 and VP2' (Mr 84,000 and 62,000). The two proteins are translated from two differently spliced mRNAs generated from the promoter at m.u. 38 (3, 29, 38, 40) . VP1 initiates at m.u. 44 with the first ATG codon in its mRNA, and it contains the conserved amino acid sequence NPYL region (see section on Homologies (36) for VP2-VP3 mRNA revealed two possible donor sites at nt 2336 (ACA/GTGAGT) and 2441 (CCA/GTGAGT) and one possible acceptor site at nt 3241 (TTCGTTGCAG/A) just before the start of the right ORF. In either case, VP2 will initiate with the second ATG (nt 3286) and VP3 will initiate with the third ATG (nt 3697) in the spliced mRNA (the first ATG at nt 3261 is soon followed by in frame termination codon at nt 3300).
Previous studies by partial proteolysis indicate that the amino acid sequence in VP2 is largely contained in that of VP1 (30) . With In the left ORF, there is a region of 55 amino acids within the region marked as GKRN that shows a 60% homology among AAV, BPV, and MVM (Fig. 4 and 6) . The GKRN region (87 amino acids), located at m.u. 29.6 to 34.4, is in the coding region for the nonstructural protein NS-1. The biological significance of this conserved region is not known. It contains a sequence analogous to the nuclear targeting signal for a yeast mating type protein (20) , which may act as the signal for the nuclear transport of NS-1 (31) .
Six small blocks of strong amino acid homologies are found in the right ORF (Fig. 4 and 7) . Three are conserved in both the defective and autonomous parvoviruses (marked as NPYL, TPW, and PIW in Fig. 4 6 We searched the mid ORF of BPV and the three mid ORFs of AAV for regions homologous to the C-terminal region of NS-2 (i.e., mid ORF A in MVM), scoring conservative amino acid changes like D+E, K+->R, T+S, and AVIL as matches, and none were found. In fact, no such regions were found anywhere in the genome of BPV or AAV. When the mid ORF of BPV was compared with that of the other parvoviruses, there was no homology of the putative BPV mid ORF protein with any peptides that may be encoded anywhere in the genome of AAV, MVM, or H-1. The partial nt sequences of CPV and FPV were searched, and the results were the same. Likewise, when the three small mid ORFs of AAV were compared with those of other parvoviruses, no homologies were found either.
The analysis of comparisons of the homologous regions of BPV with the other parvoviruses is summarized in (5) indicated that the defective parvovirus AAV has little DNA sequence homology with the autonomous parvoviruses (BPV, H-1, LuIII, KRV, and MVM). The autonomous parvoviruses H-1, LuIII, KRV, and MVM have greater than 70% of their sequences conserved, whereas BPV, like AAV, has little homology with these viruses. Immunological cross-reactivity leads to the same conclusion. AAV and BPV do not cross-react with other autonomous parvoviruses, whereas CPV, FPV, H-1, KRV, Lulll, and MVM have some cross-reactivity (48) .
From our sequence data and the published sequence data on AAV, CPV, FPV, H-1, and MVM (4, 15, 42, 43, 50) , the overall DNA homologies of the BPV left and right ORFs with those of the other parvoviruses (AAV, CPV, FPV, H-1, and MVM) are not significant (approximately 28%), whereas the sequences in CPV, FPV, H-1, and MVM are quite similar to each other, with greater than 50% conservation. Based on the evidence given above, we suggest that there are three groups of parvoviruses: the defective parvoviruses with AAV as a representative, the autonomous parvovirus BPV, and the other autonomous parvoviruses (CPV, FPV, H-1, KRV, LulIl, and MVM). If the human parvovirus Bi9 is also considered (47; see Comparison with Bi9 at the end of the Discussion), it would represent an additional group.
Several points merit discussion when the sequence of BPV is compared with those of other parvoviruses.
Terminal structures. The terminal palindromes of BPV show very little homology with the other autonomous parvoviruses at the level of DNA sequences, but the secondary structures of the termini are highly conserved. This suggests that the secondary structure rather than the primary sequence is important in the function of the palindromes of the autonomous parvoviruses. This is in agreement with the data of Lefebvre et al. (33) , who noted that changes in the primary sequence of AAV terminal palindromes are tolerated if the secondary structure is conserved. The 3' end palindrome of BPV shows two G-C-rich stems, a feature conserved in all parvoviruses sequenced to date. The high G-C content of these stems may be important in stabilizing the 3' terminal palindrome. The sequence TAAAAAT at or near the viral 3' terminus is conserved among all autonomous parvoviruses sequenced to date. The conservation of this sequence element suggests a functional role in the replication cycle of the autonomous parvoviruses. It is interesting to note that the 3' terminus of the autonomous parvoviruses is A-T rich with twelve consecutive A or T residues in BPV and 9 of the first 10 bases being A or T in H-1 and MVM.
The left ORF. In the left ORF, the region within the one marked as GKRN (55 amino acids) is highly conserved among all parvoviruses and this conserved sequence may be used as a diagnostic probe for parvovirus identification.
The right ORF. There are three regions in the right ORF that are conserved among all parvoviruses (marked as NPYL, TPW, and PIW in Fig. 4 Homology with RA-1. Although BPV has little homology with AAV, CPV, FPV, H-1, KRV, LullI, or MVM, it is highly homologous to a recently described human parvovirus RA-1 (49) isolated from the synovial fluid of a patient suffering from rheumatoid arthritis (D. Van Leeuwen, Abbott Laboratories, North Chicago, Ill., personal communication). The similarity coefficients (SAB) between BPV and RA-1 in the left, right, and mid ORFs are considerably higher than the values shown in Table 2 (manuscript in preparation). The relationship between these two parvoviruses deserves further investigation.
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Comparison with B19. While the present manuscript was in preparation, the nt sequence of the human parvovirus B19 became available (47) . B19 is probably an autonomous When we compared the homology of the putative proteins translated from the left and right ORFs of B19 with the corresponding proteins from the other parvoviruses (Table  3) , we found that B19 is closer to AAV than it is to BPV or to MVM and that the evolutionary relationship among them is B19+->AAV+->BPV+->MVM. The same relatioriship was deduced when the algorithm described by Goad and Kanehisa (19) was used to calculate the evolutionary distance between two protein sequences (data not shown).
In conclusion, from the genomic sequences reported so far, there seem to be four classes of parvoviruses: (i) B19; (ii) AAV; (iii) BPV; and (iv) MVM, H-1, FPV, and CPV. The highly conserved amino acid sequences observed among all parvoviruses may prove to be useful in the development of molecular probes for the detection and identification of viruses in the family Parvoviridae. For example, a synthetic peptide including a consensus amino acid sequence derived from the GKRN region found in the left ORF of all parvoviruses might be used to prepare antibodies for diagnostic purposes. Antibodies against the conserved GKRN regions of B19 and MVM did give positive reactions in an immunofluorescence assay with BPV-infected cells (M. Lederman and S. F. Cotmore, personal communication). The smaller conserved sequences in the right ORF, if shown to be associated with antigenic domains, could provide the basis for the development of peptide vaccines protective against all parvoviral infections. Synthetic oligonucleotides containing the consensus sequences could be used as probes for detection of parvoviral DNA in clinical specimens. Also, it is now possible to search the BPV sequence for regions identified as functionally important for replication and transcription in other viruses and in eucaryotic cells.
